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Abstract:  14 
  The elastic-plastic deformation in raw and ion-exchanged aluminosilicate glass is 15 
investigated by loading rate dependent nanoindentation. The nanohardness and 16 
Young’s modulus of the raw and ion-exchanged glasses at different loading rate 17 
(100-20,000 μN.s-1) are explored up to a maximum load of 9,000 μN. The 18 
nanoindentations are scanned with AFM to observe the morphology of the indents. 19 
The results show that Young’s modulus of the aluminosilicate glass increases after ion 20 
exchange and that the nanohardness of the raw and ion-exchanged aluminosilicate 21 
glass increases linearly with the loading rate, when plotted on a double logarithmic 22 
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axes. However, the nanohardness of the raw glass is more sensitive to the variation of 23 
loading rate. The compressive stress on the ion-exchanged glass can inhibit plastic 24 
deformation. These results are explained in terms of shear stress underneath the 25 
indenter and the number of the flow lines in the nanoindentations. These findings are 26 
useful for better understanding the dynamic contact-induced damage growth 27 
mechanisms of ion-exchanged glass. 28 
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1. Introduction 31 
  Ion exchange, also known as chemical strengthening, is a process whereby the 32 
original glasses are immersed into a molten alkali salt at a temperature below the glass 33 
transition and this results in glass strengthening [1-4]. Ion-exchange has been used for 34 
one century to modify the surface properties of glass [5]. As the main material for 35 
fabricating touch panels of popular display devices, as well as forward facing aircraft 36 
and other windscreens, the scratch-proof property is an important requirement [3, 6]. 37 
The hardness, which is apparently related to abrasion resistance, has often been used 38 
as an approximate measure of the scratch-proof resistance property [7]. Indentation is 39 
a convenient method to evaluate mechanical properties such as hardness and Young’s 40 
modulus [8]. The indentation process involves the elastic-plastic deformation of 41 
materials [9, 10]. According to Johnson [11, 12], the indentation process can be 42 
divided into three distinct regimes, including elastic, elastic-plastic and fully plastic. 43 
The elastic-plastic transition regime is hard to understood due to its complexity of the 44 
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combination of elastic and plastic deformation process. The indentation method can 45 
be applied to research the elastic-plastic transition phenomenon. For example, Wright 46 
et al. [13] indicated that the onset of plasticity during nanoindentation of a Zr-based 47 
bulk metallic glasses (BMGs) occurred at a discrete displacement burst (named as 48 
“pop-in”). The elastic-plastic transition on single crystals of platinum was studied 49 
statistically with nanoindentation as a function of temperature and indentation rate by 50 
Mason et al. [14]. The “pop-in” phenomenon which is related to the elastic-plastic 51 
transition regime in indentation experiments is also observed in ceramic and glass 52 
materials. The onset of plasticity was seen as a sudden displacement discontinuity in 53 
the load-displacement curves in low-load indentation experiments in ceramic single 54 
crystals by Page et al. [15]. Mao et al. [16] indicated that the first “pop-in” indentation 55 
loads for the C plane of sapphire single crystal gradually decreases as loading rates 56 
increase. Dey et al. [17] observed “pop-in” phenomenon in load-displacement plots in 57 
soda-lime-silica glass, and related those displacement bursts with the formation of 58 
deformation bands inside the nanoindentation cavity.  59 
During the indentation tests, the rate of loading is an important parameter 60 
especially for brittle materials as it strongly affects the damage evolution [18]. Clear 61 
understanding of the effect of loading rate on the elastic-plastic deformation of the 62 
glass will provide valuable insight into the damage growth mechanisms especially 63 
during dynamic contact events of brittle solids [19, 20]. Rate dependence in the 64 
response of the near-surface region probed by indentation on glasses and ceramics has 65 
been intensively studied [17, 19, 21-31] in different ranges of applied load with some 66 
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interesting results being obtained. For nanoindentation, the nanohardness of glasses 67 
and ceramics is reported to remain unchanged [32], slightly reduced [33] or increased 68 
with loading rate [19, 22]. Schuh et al. [34] indicated that the indentation 69 
load-displacement curve in their study on a Pd-40Ni-20P BMG is strongly dependent 70 
on the indentation strain rate. For the ion-exchanged glass, the surface compressive 71 
stress can inhibit crack propagation, and lead to increased strength [35, 36] and 72 
hardness [18, 37]. However, the influence of loading rate on the nanohardness of 73 
ion-exchanged glasses still remains unknown.  74 
The main object of this study is to investigate the effect of the loading rate variation 75 
(100-20,000μN.s-1) on the nanohardness of the raw and ion-exchanged glasses with 76 
different surface compressive stress. In this study, it is shown that the nanohardness of 77 
the raw aluminosilicate glass increases linearly with loading rate in double 78 
logarithmic axes. The effect of loading rate on the nanohardness of the ion-exchanged 79 
glass is similar to that on the raw glass. However, the nanohardness of the raw glass is 80 
more sensitive to the variation of the loading rate. These results are explained in terms 81 
of shear stress underneath the indenter and the flow line phenomena in the 82 
nanoindentations. 83 
 84 
2. Experiments 85 
The glass used was a float glass of thickness, 4 mm, with the same composition as 86 
in our previous published research [36-38]. Ion exchange involved suspending the 87 
aluminosilicate glasses in a molten potassium nitrate bath held at 420 °C for different 88 
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times (1, 12 and 48 hours). Then the glass samples were removed, cooled, and rinsed 89 
with deionized water after ion exchange.  90 
The compressive Stress (CS) and depth of stress layer (DOL) of glass samples were 91 
measured by the surface stress meter (FSM-6000LE, ORIHARA, Japan) which is 92 
based on the theory of photoelasticity [39]. The glass sample was placed in the 93 
measuring area and care is taken to make sure the glass surface fits with the triple 94 
prism to ensure the birefringence fringes were detectable and clear. Parameters such 95 
as thickness, refractive index, photoelastic constant of the glass are input into the 96 
analysis [40]. Then, the CS and DOL values are obtained. The systematic error for the 97 
CS and DOL was  20 MPa and  2 μm, respectively. Each glass sample was 98 
measured at five random positions and the average CS and DOL values were 99 
obtained. 100 
A nanoindenter (TI 950 Triboindenter, Hysitron) with a full-scale capacity of 10 101 
mN was used for all indentation experiments. A Berkovich diamond indenter was 102 
used for measuring the nanohardness and Young’s modulus. Calibration was 103 
performed using a standard fused silica sample prior to the nanoindentation of the 104 
glass samples. The method used in the experiments and calculations was based on 105 
ISO 14577 [41]. The nanohardness and Young’s modulus data were calculated using 106 
the well-known method developed by Oliver and Pharr (referring to it as OP method) 107 
[42]. In the present experiments, the load was increased up to 9,000 μN. This is with 108 
loading rate changed in the range of 100-20,000 μN.s-1. At least six indentation 109 
experiments were performed at each given loading rate. After indentation testing, all 110 
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the impressions were imaged using a scanning probe microscopy (SPM) provided by 111 
the indentation system to confirm the reproducibility of the nanoindentations. The 112 
nanoindentations were further scanned with an atomic force microscope (AFM) 113 
(Dimension Edge, Bruker, Germany) to observe the morphology of the impressions. 114 
 115 
3. Results 116 
  The compressive stress (CS) and depth of stress layer (DOL) values of the 117 
ion-exchanged specimens for different exchange time are shown in Table 1. It can be 118 
seen that the CS decreases and the DOL increases with the ion-exchange time 119 
continuously.  120 
Table 1 Compressive stress (CS) and depth of stress layer (DOL) results for 121 
aluminosilicate glasses with different ion-exchange time 122 
Ion-exchange time (h) 1  12  48  
CS (MPa) 747  20 710  20 640  20 
DOL (μm) 15  2 43  2 77  2 
The typical load-depth curves for the raw and the ion-exchanged glass (with 1 hour 123 
immersion time) are shown in Fig. 1 (a) and (b), respectively. The inserted picture 124 
(top left) shows the corresponding in situ SPM images of the six nanoindentations. It 125 
can be seen that the shapes and sizes of the nanoindentations are similar and all six 126 
load-depth curves are very similar and lie on top of each other. 127 
The recovery ratios which are defined as the ratio between the final depths of 128 
penetration (hf) and the maximum depths of penetration (hmax) of the raw and 129 
7 
 
ion-exchanged glasses for different times are shown in Fig. 2. The recovery ratio 130 
decreases with increasing the loading rate for both the raw and ion-exchanged 131 
specimens, implying that the elastic depth recovery increases. The results also show 132 
that the recovery ratio of the raw glass is higher than that of the ion-exchanged 133 
specimens and this parameter decreases when the ion-exchange time is prolonged.  134 
Fig. 3 shows typical load-depth (P-h) plots for the raw and the ion-exchanged glass 135 
with 1 hour immersion time at different loading rates in the range of 100-20,000 136 
μN.s-1. The magnified view of the loading parts for the raw glass and the 137 
ion-exchanged glass with 1 hour immersion time are shown in Fig. 3 (b) and 3 (d), 138 
respectively. The indentation curves are clearly affected by the loading rate. With the 139 
increase of loading rate, the depth at the end of loading (hmax) is decreased. It can be 140 
seen that the P-h curves are punctuated by many discrete bursts of rapid displacement, 141 
at nearly constant load, which are called serrations. The serrations are more 142 
pronounced at lower loading rates than at higher loading rates which is in consistent 143 
with previous work [19]. 144 
The nanohardness and Young’s modulus results of the raw and the ion-exchanged 145 
glasses as a function of loading rate are shown in Fig. 4 (a) and (b), respectively. The 146 
nanohardness of the raw glass increases by ~10.9% with increase in loading rate from 147 
100 to 20,000 μN.s-1. For the ion-exchanged glasses, the nanohardness increases in 148 
the same range of loading range by ~6.6%, ~8.1%, and ~8.5%, for ion-exchange 149 
immersion times of 1, 12, and 48 hours respectively. The Young’s modulus of the raw 150 
glass approximately increases by ~2.3% at the same range of loading rate. However, 151 
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the variation of the Young’s modulus of the ion-exchanged glasses with loading rate 152 
is very small (increases less than 1.0%). 153 
The sensitivity to loading rate, m, is defined as the slope of the plot of indentation 154 
hardness (H) as a function of loading rate (v) in double logarithmic axes [43]. As 155 
shown in Fig. 5, the nanohardness increases linearly with loading rate when plotted 156 
with double logarithmic axes. The values of m of ion-exchanged glasses are lower 157 
than that of the raw glass.  158 
The projected area of the nanoindentation site of the raw and ion-exchanged glasses 159 
as a function of loading rate is shown in Fig. 6. The projected area of the raw glass 160 
decreases by 10.6% while the same parameter of the ion-exchanged glasses with 1, 12, 161 
and 48 hour immersion times decreases by 7.3%, 7.8%, 8.9%, respectively. 162 
  Typical AFM images of nanoindentations on the raw glass for a maximum load of 163 
9,000 μN at different loading rates are shown in Fig. 7. Similar, AFM images of 164 
nanoindentations on the ion-exchanged glass with 1 hour immersion time are shown 165 
in Fig. 8. It can be seen that a large number of flow lines (see arrows) are present 166 
inside the nanoindentations. The flow lines are more pronounced in the 167 
nanoindentations produced at lower loading rates. The ridges and troughs in the 168 
nanoindentations in Fig. 7 show that the flow lines in the raw glass are more 169 
noticeable than those of the ion-exchanged glass in Fig. 8. Fig.9 shows typical 170 
cross-section profiles in nanoindentation on the raw glass (Fig. 9c) and on the 171 
ion-exchanged glass with 1 hour immersion time (Fig. 9d) at loading rate of 100 172 
μN.s-1. It can be seen that there shows abrupt height changes in shear planes. The 173 
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height of the shear planes in nanoindents on the raw glass (Fig. 9c) is larger than that 174 
on the ion-exchanged glass (Fig. 9d). 175 
 176 
4. Discussion 177 
The reproducibility of the six load-depth curves in Fig. 1 confirms the accuracy of 178 
the results obtained from the nanoindentation experiments. The recovery ratios (Fig. 2) 179 
of the raw and ion-exchanged glasses for different exchange times are well within the 180 
ratio of 0.7, which is suggested threshold below which the Oliver and Pharr method 181 
[42, 44] is applicable. The recovery ratio of the raw glass is higher than that of the 182 
ion-exchanged specimens, indicating that the elasticity of the ion-exchanged specimen 183 
is greater than that of the raw glass (i.e. the higher the recovery ratio (hf / hmax), the 184 
lower the elasticity). Tandia [45] found that the strain induced by ion-exchange is 185 
entirely elastic, that is to say, when a reverse ion exchange is performed to swap the 186 
original ions back into the glass, the initial volume of the as-melted glasses is entirely 187 
recovered. Also, to be noted, the Young’s modulus of ion-exchanged glasses (shown 188 
in Fig. 4) increases by about 2 % after ion exchange. The nanohardness values of 189 
ion-exchanged glasses are greater than that of the raw glass, and this is caused by the 190 
CS on the surface of ion-exchanged glasses [37]. The influence of DOL on hardness 191 
is little when indentation depth is much smaller than DOL. From Table 1, it can be 192 
seen that the values of DOL (greater than 15μm) are much larger than the 193 
nanoindentation depth (about 250 nm, shown in Fig. 1). Thus the influence of DOL 194 
on nanohardness is little. 195 
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The irreversible deformation in indentation tests has been regarded as plastic 196 
deformation [46], which is divided into two components: densification and shear flow 197 
[47-49]. The deformation of glasses is dependent on both glass structure and contact 198 
geometry. Blunter contacts promote greater densification. The deformation 199 
mechanism changes to shear flow when contacts becomes sharper [50]. For the 200 
normal glass (glasses with a substantial component of network modifiers [51]), it 201 
deforms to a large extent by shear flow mechanism. Whilst for the anomalous glass 202 
(silica-rich glasses [51]), it deforms primarily by densification [50]. It is reported that 203 
the plastic deformation volume is greater than the densified volume when the silica 204 
content is less than about 70% [52]. Thus, the aluminosilicate glass used here with a 205 
silica content of 63.5%, mainly deforms by shear flow mechanism with a relatively 206 
sharp Berkovich indenter.  207 
It is noted that aluminosilicate glass is a homogeneous, isotropic, non-crystalline 208 
solid, however, it is suggested that shear flow occurs by an inhomogeneous 209 
mechanism e.g. large shear displacements occur on certain planes at an atomistic 210 
length scale [22, 48]. These preferred shear planes occur at positions of structural 211 
weakness where they may be links to non-bridging oxygen and weaker ionic bonds 212 
composed of network modifiers e.g. Na+, K+ ions [17, 19]. The pronounced serrations 213 
in Fig. 3 are believed to link to the bursts of those instantaneous shear flow processes, 214 
with the first burst of the serrations directly related to the initiation of plastic 215 
deformation of glass [19, 53]. The proposal is that the critical load where the first 216 
serration burst is a good measure of the intrinsic flow properties of the glass. The 217 
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serration phenomenon in Fig. 3 is similar to that found in the load-depth plots of bulk 218 
metallic glasses [34, 53-56] and is first recognized by Mukhopadhyay et al. [17, 19, 219 
22, 24] in soda-lime glass. To find the critical load, which represents the onset of 220 
plastic flow, the focus will be on the initial stages of nanoindentation (i.e. the initial 4 221 
nm indentation depth in load-depth as shown in Fig. 10) for the raw glass and the 222 
ion-exchanged glass with 1 hour immersion time. The solid lines in Fig. 10 are the 223 
predicted results based on Hertzian contact theory which represent a completely 224 
elastic response. Rapid depth excursions are observed in the loading curves as 225 
denoted by the black filled points in Fig. 10a and Fig.10b. These “pop-ins” 226 
correspond to the spikes in the velocity response shown in Fig. 10c and Fig. 10d. 227 
Indentations beyond the first “pop-in” exhibit measurable residual displacements after 228 
unloading [53]. It is found that these critical loads are rate dependent and is 4.6, 40.6, 229 
48.5 and 157.6 μN for the raw glass at loading rate of 100, 1000, 2000, and 10,000 230 
μN.s-1, respectively. The critical loads are 9.9, 55.6, 67.1 and 260.3 μN for the 231 
ion-exchanged glass with 1 hour immersion time at loading rate of 100, 1000, 2000, 232 
and 10,000 μN.s-1 respectively. Similarly, the critical loads for the ion-exchanged 233 
glasses with 12 and 48 hours immersion time can be obtained. It is worth noting that 234 
when the loading rate is high enough, the serrations are not as prominent as those 235 
obtained at lower loading rates. Thus, it is very difficult to identify the first 236 
displacement burst at loading rate 20,000 μN.s-1. This is in consistent with the 237 
previous work [17] and it is attributed to the suppression of shear slippage when 238 
loading rate is high. In addition, the noise of the instrument becomes large when the 239 
12 
 
loading rate is really high, and this may also cause the difficulty to find the critical 240 
load at a loading rate of 20,000 μN.s-1. However, since the shear stress is suppressed 241 
when loading rate increases, the onset of plastic flow is set back. Therefore, it is 242 
reasonable to assume that the critical load at loading rate 20,000 μN.s-1 is higher than 243 
that at a lower loading rate [17, 22]. In addition, previous indentation results show 244 
that there is little influence of friction on the contact analysis [44, 57, 58]. Thus, the 245 
variation of friction coefficient between the indenter tip and the glass at different 246 
loading rate is not considered in this analysis. 247 
The contact between the Berkovich indenter and the thin glass surface can 248 
approximately be described by the Hertzian elastic prediction [19], and the shear 249 
stress ( ) correspond to the critical load can be calculated as [19, 59], 250 
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where criticalP  represents the critical load got from the load-depth curves. tipR  is the 252 
radius of the indenter with a value of 150 nm for the Berkovich indenter used here. 253 
rE  is the reduced modulus which is given by [42] 254 
2 21 11 glass indenter
r glass indenterE E E
  
                       (2) 255 
where E is the Young’s modulus,   is Poisson’s ratio for the glass and the indenter 256 
tip. For a diamond Berkovich indenter, the indenterE =1140 GPa, indenter =0.07 [53]. 257 
Substituting the Young’s modulus and critical load values into Eqs. (1) and (2), the 258 
critical shear stress values can be obtained. The critical shear stress of the raw and 259 
ion-exchanged glasses as a function of loading rate is shown in Fig. 11. The critical 260 
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shear stress increases with loading rate for both the raw and the ion-exchanged glass. 261 
The variation trend of critical shear stress with loading rate is similar to the tendency 262 
of nanohardness with loading rate, Fig. 4a. It can also be seen that the critical shear 263 
stresses of the ion-exchanged glasses are larger than that of the raw glass at the same 264 
loading rate, and this may be attributed to the compressive stress on the surface of the 265 
ion-exchanged glasses can inhibit the onset of the plastic flow [18]. 266 
To find the relationship between nanohardness and critical shear stress, the 267 
correlation of these two parameters is shown in Fig. 12. The nanohardness increases 268 
almost linearly with critical shear stress for both the raw and ion-exchanged glasses, 269 
indicating that the variation of the critical shear stress is the main reason for the 270 
variation of the nanohardness at different loading rate, and this result agrees with 271 
previous works [19, 60]. In addition, the slope of the nanohardness of the raw glass as 272 
a function of the critical shear stress is higher than that of the ion-exchanged glasses, 273 
implying that the nanohardness of the raw glass is more sensitive to the variation of 274 
loading rate than the ion-exchanged glasses. Hardness is defined as the ability of 275 
materials to resist plastic deformation. The compressive stress on the surface of 276 
ion-exchanged glasses can inhibit plastic deformation and damage evolution, 277 
especially at higher loading rate [18], and this may lead to the lower sensitivity of the 278 
nanohardness of the ion-exchanged glass to loading rate. 279 
  The serrations in Fig. 3 are closely related to the formation of the flow lines in the 280 
nanoindentations shown in Fig. 7 and 8. The flow lines phenomenon is in accordance 281 
with the previous work [61] in which the flow lines are regarded as shear faults of 282 
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negligible thickness produced by shear displacements. It is reported that each 283 
serration in the load-displacement curve corresponds to the nucleation of individual 284 
shear fault in metallic glasses [54]. The contact of a sharp-pointed indenter on glass 285 
surface produces a highly concentrated stress field. With the development of any 286 
shear fault, some stress relaxation process must accompany [62], and this may lead to 287 
the “pop-ins” (rapid depth excursions, relatively load drop) shown in Fig. 10. The 288 
load at which these flow lines first occur is a measure of the basic plastic properties of 289 
the glass [61]. The plastic strains appear to be concentrated on the shear faults, and 290 
there is only elastic strain between them [63]. Hagan [61] pointed out that the flow 291 
lines would intersect with each other and generate kinking. It is difficult to continue to 292 
slide once the kinking is generated. Thus, a new flow line in the neighborhood of the 293 
kinked flow line will be activated. This may lead to a larger contact area and results in 294 
a lower nanohardness. The number of flow lines produced at higher loading rate is 295 
less than that at lower loading rate, agreeing with previous work [19]. Thus, there are 296 
fewer intersection and kinking at higher loading rate. As a result, the contact area of 297 
the nanoindentation produced at higher loading rate is smaller than that at lower 298 
loading rate (in line with the results shown in Fig. 6). This may lead to the increase of 299 
nanohardness with loading rate. The compressive stress on the surface of the 300 
ion-exchanged glass can suppress the plastic deformation of the glass [18]. Thus, the 301 
flow lines in the nanoindentations on the ion-exchanged glasses are less remarkable 302 
than that on the raw glass (Fig. 9), leading to higher nanohardness values but lower 303 
nanohardness rate sensitivity of the ion-exchanged glass. 304 
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 305 
5. Conclusions 306 
The Young’s modulus of the raw aluminosilicate glass increases by ~2.3% after ion 307 
exchange. However, the variation of the Young’s modulus of the ion-exchanged 308 
glasses with loading rate is very small (increases less than 1.0%). 309 
The nanohardness of the raw aluminosilicate glass increases by ~10.9% with 310 
increase in loading rate from 100 to 20,000 μN.s-1. Meanwhile, the nanohardness of 311 
the ion-exchanged glasses, with 1, 12, and 48 hour immersion times, increases by 312 
~6.6%, 8.1%, and 8.5% respectively, for the same range of loading rate. 313 
The nanohardness of the raw and ion-exchanged aluminosilicate glass also 314 
increases linearly with the loading rate in double logarithmic axes, and this is 315 
attributed to the increase of critical shear stress with loading rate. However, the 316 
nanohardness of the raw glass is more sensitive to the variation of loading rate. The 317 
critical shear stresses of the ion-exchanged glasses are larger than that of the raw glass 318 
at the same loading rate, and this may be attributed to the compressive stress on the 319 
surface of the ion-exchanged glasses can inhibit the onset of the plastic flow. The 320 
serrations in the load-depth curves are closely related to the formation of the flow 321 
lines in the nanoindentations. The number of flow lines in the nanoindentations 322 
produced at comparatively higher loading rate is less than that at lower loading rate, 323 
and this may lead to a smaller contact area and results in a higher nanohardness at 324 
higher loading rate. This may be another reason that leading to the increase of 325 
nanohardness with loading rate. The number of the flow lines in the nanoindentations 326 
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on ion-exchanged glasses is less than those in the raw glass, leading to a larger 327 
nanohardness of ion-exchanged glasses.  328 
Latest generation forward facing windscreens on commercial aircraft, as well as 329 
touch panels of popular display devices, now use chemically toughened glasses and 330 
the results in this paper are thought to be of much value for better understanding the 331 
dynamic contact-induced damage growth mechanisms of ion-exchanged glass. 332 
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Figure captions 501 
Fig1.TIF Typical load-depth curves for: (a) loading and unloading of the raw glass;  502 
(b) ion-exchanged specimen, with 1 hour immersion time. For both cases, the top left 503 
inserted picture shows the corresponding SPM images of the six nanoindentations. 504 
Fig2.TIF Recovery ratio (hf / hmax) of raw and ion-exchanged glass, with 1, 12 and 48 505 
hour immersion time, as a function of the loading rate. 506 
Fig3.TIF Typical load-depth plots for raw and ion exchanged glass: (a) raw; (b) 507 
magnified view of the loading parts for raw; (c) ion-exchanged glass with 1 hour 508 
immersion time; (d) magnified view of the loading parts for ion-exchanged glass with 509 
1 hour immersion time. 510 
Fig4.TIF Effect of loading rate on raw and ion-exchanged glasses: (a) Nanohardness; 511 
(b) Young’s modulus. 512 
Fig5.TIF Logarithmic plot of indentation hardness (H / GPa) versus loading rate (v / 513 
μN.s-1). 514 
Fig6.TIF Projected area of raw and ion-exchanged glasses as a function of loading 515 
rate. 516 
Fig7.TIF Typical AFM images of nanoindentations on raw glass with a maximum 517 
load of 9000 μN at loading rates of: (a) 100; (b) 1000; (c) 2000 and (d) 20,000 μN.s-1. 518 
Arrows are highlighting some of the flow lines. 519 
Fig8.TIF Typical AFM images of nanoindentations on ion-exchanged glass with 1 520 
hour immersion time with a maximum of load of 9000 μN at loading rates of: (a) 100; 521 
(b) 1000; (c) 2000 and (d) 20,000 μN.s-1. Arrows are highlighting some of the flow 522 
25 
 
lines. 523 
Fig9.TIF Typical AFM image of nanoindentation on raw glass (a) and on 524 
ion-exchanged glass with 1 hour immersion time (b) at loading rate of 100 μN.s-1; (c) 525 
Three typical cross-section profiles along the green arrows in (a); (d) Three typical 526 
cross-section profiles along the green arrows in (b). 527 
Fig10.TIF Typical load-depth response at loading rate 100 μN.s-1 of: (a) raw glass; (b) 528 
ion-exchanged glass with 1 hour immersion time demonstrating departure from the 529 
elastic portion at the plastic yield point. It is to be noted that sudden depth excursions 530 
in (a) and (b) correspond to spikes in the velocity response shown in (c) and (d), 531 
respectively. The solid (red) lines on (a) and (b) are the fitting results with the 532 
Hertzian equation. 533 
Fig11.TIF Critical shear stress of raw and ion-exchanged glasses as a function of 534 
loading rate. 535 
Fig12.TIF Nanohardness of raw and ion-exchanged glasses as a function of critical 536 
shear stress. The solid lines are the linear fitting results. 537 
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Table 1 Compressive stress (CS) and depth of stress layer (DOL) results for 563 
aluminosilicate glasses with different ion-exchange time 564 
Ion-exchange time (h) 1  12  48  
CS (MPa) 747  20 710  20 640  20 
DOL (μm) 15  2 43  2 77  2 
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